A technique is described that allows single hybridoma cell colonies to be assayed for the productive rearrangement of a single immunoglobulin variable region (V) gene segment by utilizing expression of V mRNA for analysis. Hybridomas growing in microwell tissue culture plates are lysed in situ, cellular RNA is directly transferred to nitrocellulose by filtration, and specific immunoglobulin mRNA is detected by hybridization of the filter with a DNA probe. To distinguish between these two possibilities, we wished to examine the expression of the CRI-positive VH-VL pair in the preimmune clonotype repertoire of strain A mice. A technique was required that would identify cells expressing either the V"IRI or VCRI gene segment. We felt it necessary to avoid potential bias due to both the effects of antigen and serological screening methodologies. Serological screening techniques using poly or monoclonal anti-idiotypic antibody reagents have frequently been used in investigations of this sort (10-12). The presence of idiotype on an antibody can often be positively correlated with the expression in that molecule of a single VH or VL gene segment (13). The nature of the determinant(s) recognized by these serological reagents are often ill-defined, however. Determinants analyzed serologically might require specific VH-D-JH or VL-JL (where D and J are diversity and joining region gene segments, respectively) arrangements in VH or VL genes or association of specific VH and VL polypeptides for their formation. In addition, somatic mutation events might destroy or create such determinants. Thus, use of serological screening procedures may detect only a small subset of the lymphocytes expressing a particular VH or VL gene segment. For this reason an "antibody-independent" screening procedure was developed that assays single colonies of cells for the presence of mRNA homologous to a DNA probe. This technique allows the identification of hybridomas expressing particular H or L chain genes regardless of the properties of the antibody they synthesize. The method is simple and sensitive; 5,000 hybridoma colonies containing 5,000-50,000 cells each can be screened per day. We have used this "lysate hybridization" technique to isolate cell lines from nonimmune B cell "hybridoma libraries" that express the VCHRI gene segment. A detailed description of the procedure and a discussion of its utility will follow. 
Hybridomas growing in microwell tissue culture plates are lysed in situ, cellular RNA is directly transferred to nitrocellulose by filtration, and specific immunoglobulin mRNA is detected by hybridization of the filter with a DNA probe. The method is simple and sensitive. A single species of mRNA can be detected in a lysate of 1000 cells; 5000 hybridoma colonies can be easily screened per day. The technique has been successfully used to isolate cell lines from nonimmune mice expressing a particular heavy chain variable region (VH) gene segment.
Strain A mice produce a relatively simple polyclonal immune response when immunized with p-azophenylarsonate (Ars)-protein conjugates. The majority of the antibodies made in the Ars-specific response bear a crossreactive idiotype (CRI) (1) . Recently we have obtained evidence indicating that all of these Ars-binding CRI-positive molecules contain heavy (H) chain variable regions (VH) encoded by a single VH gene segment (2) . Amino acid sequence analysis suggests that a single gene encodes all light (L) chain variable regions (VL) in these molecules as well (3, 4) .
Strain A mice are also capable of producing Ars-binding antibodies that contain VH and VL regions entirely unrelated to those found in. Ars-binding CRI-positive molecules (5, 6) . It is not understood why a single VH-VL pair (i.e., that found in CRI-positive molecules) dominates the immune response to Ars. One possibility is that association of these VH and VL regions is favored during the development of the immune system. This might occur because of the intrinsic properties of the V-region polypeptides themselves (e.g., high-affinity interaction between these two polypeptides) or of the genes that encode them (e.g., coordinate regulation of VH and VL loci at the level of transcription). Alternatively, immunoregulatory phenomena [e.g., "network" interactions (7)] might select for lymphocytes expressing this particular VH-VL pair. A second possibility, as we (2) and others (8) have suggested, is that this VH-VL pair is simply the only pair that both is germ line-encoded and forms a V region capable of specifically binding Ars. If this were true, cells expressing this VH-VL pair might have an "antigen-selective" advantage (9) during the initial stages of the immune response to Ars.
To distinguish between these two possibilities, we wished to examine the expression of the CRI-positive VH-VL pair in the preimmune clonotype repertoire of strain A mice. A technique was required that would identify cells expressing either the V"IRI or VCRI gene segment. We felt it necessary to avoid potential bias due to both the effects of antigen and serological screening methodologies. Serological screening techniques using poly or monoclonal anti-idiotypic antibody reagents have frequently been used in investigations of this sort (10) (11) (12) . The presence of idiotype on an antibody can often be positively correlated with the expression in that molecule of a single VH or VL gene segment (13) . The nature of the determinant(s) recognized by these serological reagents are often ill-defined, however. Determinants analyzed serologically might require specific VH-D-JH or VL-JL (where D and J are diversity and joining region gene segments, respectively) arrangements in VH or VL genes or association of specific VH and VL polypeptides for their formation. In addition, somatic mutation events might destroy or create such determinants. Thus, use of serological screening procedures may detect only a small subset of the lymphocytes expressing a particular VH or VL gene segment. For this reason an "antibody-independent" screening procedure was developed that assays single colonies of cells for the presence of mRNA homologous to a DNA probe. This technique allows the identification of hybridomas expressing particular H or L chain genes regardless of the properties of the antibody they synthesize. The method is simple and sensitive; 5,000 hybridoma colonies containing 5,000-50,000 cells each can be screened per day. We have used this "lysate hybridization" technique to isolate cell lines from nonimmune B cell "hybridoma libraries" that express the VCHRI gene segment. A detailed description of the procedure and a discussion of its utility will follow.
MATERIALS AND METHODS
Mitogenic Activation of Splenic B Cells with Bacterial Lipopolysaccharide (LPS) and Formation of Hybridomas. Spleens cells from 6-to 8-wk-old strain A/J mice (The Jackson Laboratory) are mitogenically stimulated with LPS by the method of Andersson et al. (14) and are fused to SP2/0 cells by the method of Gefter et al. (15) . We found that the concentration of chaotropic salt can be varied from 1.5-4 M without significant effect. However, the concentration of Me2SO in these buffers must be kept in the range of 40-60% if maximum hybridization signals are to be obtained. We prepared twice-concentrated stock solutions containing the chaotropic salt, Sarcosyl, and sodium citrate and stored these at 40C in dark bottles. Me2SO was added to a final concentration of 50% just prior to use, and the complete lysis mix was allowed to cool to room temperature (heat is liberated when the Me2SO is added). All of the results reported in this manuscript were obtained by using the KSCN lysis buffer. Filtration manifolds (96 well) suitable for use in the procedure can be purchased commercially (Schleicher & Schuell "minifold") or built. Nitrocellulose membranes (Schleicher & Schuell BA85) are prepared by wetting them first in H20 then in 20x NaCl/Cit (lx NaCl/Cit is 0.15 M NaCl/0.015 M Na citrate, pH 7). Filtration of cell lysates through filters wet only in H20 results in a significant decrease in the hybridization signal. A piece of Whatman 3MM filter paper also saturated with 20x NaCl/Cit is placed on the manifold, covering the 96 filtration orifices. A wetted piece of nitrocellulose is marked with a pencil for future orientation and placed on top of the 3MM paper, and bubbles are smoothed out. The upper piece of the manifold is clamped on, moderate suction is applied, and the cell lysates are loaded directly into the filtration ports by using the 8-tip multipipettor if desired. Filtration is continued at a rate of 100-200 ,ul/min until all filtration ports are empty. The nitrocellulose is rinsed briefly in 20x NaCl/Cit after filtration to dilute the concentration of Me2SO on the filter. Omission of this rinse step results in filters that are badly distorted due to concentration of the Me2SO during filter-drying. The filter is baked at 80°C for 2 hr under vacuum or is allowed to air-dry overnight. Baking does not appear to be necessary, but we found it more convenient than air-drying.
Hybridization of Nitrocellulose Filters with 32P -Labeled Probes. The lysate filters are hybridized with 32P-labeled DNA probes in formamide hybridization buffers as described (17, 18) . Hybridization is at 42-480C for 12-18 hr.
Probes labeled to specific activities of 1-3 x 108 cpm/,4g are used at concentrations of 1-5 x 106 cpm/ml of hybridization solution. Filters are exposed to x-ray film at -70'C with Dupont Cronex intensifier screens. Exposures of 12-24 hr are usually adequate for lysates containing 104 or more hybridoma cells. Filters can be rescreened with a different 32P-labeled probe. However, we do not advise heating filters in buffers containing high concentrations of formamide to remove hybridized probe. This results in removal of bound cellular RNA from the filter.
DNA . The VCIRI, C,, and CK probes were labeled to specific activities of 1-3 x 108 cpm/gg by nick-translation as described (20) . The V36 60 probe was labeled to a specific activity of 1-2 x 108 cpm/Ag by replacement synthesis using T4 DNA polymerase (Bethesda Research Laboratories) (21) . Total cellular RNA was purified from hybridoma cell lines by established procedures (22, 23) . mRNA sequence determination was done by using a primer extension-dideoxynucleotide sequence determination procedure and reverse transcriptase (Life Sciences, St. Petersburg, FL) as described (24) . A CM-specific DNA oligonucleotide primer was kindly provided by Martin Weigert. Solid-Phase RIA and Serological Reagents. Solid phase RIAs were done in 96-well polyvinyl chloride plates (Dynatech, Alexandria, VA) by standard procedures (25, 26) . Proteins were labeled with 1251 (Amersham) as described (27) . AD8, a rat monoclonal antibody that binds a determinant in the V region of heavy chains encoded by the VCRI gene (28) , from which the VWRI probe was derived, was provided by Peter Hornbeck and George Lewis (University of California, San Francisco). All other serological reagents were purified in-house.
RESULTS
Development of the Technique. The lysate hybridization procedure is described in detail in Materials and Methods. During the development of the procedure described, many approaches were tried based on the fact that, under appropriate conditions, purified RNA can be immobilized on nitrocellulose filters and then detected by hybridization with a DNA probe (29) . We desired a procedure that would minimize both whole-cell manipulation and RNA purification steps prior to binding of cellular RNA to nitrocellulose. For this reason an in situ lysis method was developed that efficiently disrupts the cells, prevents the degradation of cellular RNA by endogenous nucleases, and promotes binding of RNA to nitrocellulose. Use of lysis buffer containing Me2SO and a highly chaotropic salt gave all of the desired results. Many different salts were tried, but use of guanidinium isothiocyanate or potassium thiocyanate resulted in the most intense hybridization signals and least nonspecific "background. " Specificity and Sensitivity of the Technique. Fig. 1 Table 1 ). The number of cells in each lysate was 2.5 x 104, S X 103, 103, and 2 x 102, respectively from left to right.
The filters were separately hybridized with either the Vc"RI, V3H6, CM, or CK probes. Autoradiographic exposure of the filters was for 3 days with intensifiers. SP2/0 is the parental cell line used to construct all of the hybridomas listed. SP2/0 secretes neither a H or L chain but does apparently synthesize "sterile" CK transcripts (30) .
press. Results obtained with four DNA probes, each homologous to a particular V or C gene, are shown (a description of these probes can be found in Materials and Methods). The procedure resulted in highly specific hybridization; little nonspecific "background" was observed. As few as 1000 cell equivalents of a single antibody mRNA could be detected with all of the probes. If one assumes that a hybridoma cell contains 10 pg of total RNA, 0.1% of which is either L or H chain mRNA (36), 10 pg of a particular mRNA can be detected easily in a single cellular lysate. To substantiate that the autoradiographic signal we observe from these lysates is actually due to cellular RNA, filters were treated with either proteinase K, DNase I, or RNase A. Specific hybridization to hybridoma lysates with a VH probe was prevented by RNase treatment but not by proteinase or DNase treatment (Fig. 2) (14) , were fused to the hypoxanthine/guanine phosphoribosyltransferase-negative antibody-nonsecreting mouse hybridoma cell line SP2/0 (34), and hybrid cells were selected. LPS induces one-sixth to one-third of A/J splenic B cells to grow and secrete antibody (37) . Therefore, a collection of LPS hybridomas derived from an individual mouse spleen probably rep- SP2/0 (34) is the fusion parent of all of these cell lines. It expresses no H chain genes or VL protein but apparently does produce "sterile" CK transcripts (30) . The ability of the monoclonal anti-idiotypic antibody AD8 to bind antibodies produced by all these cell lines has been tested. A solid-phase RIA competition assay with 1251-labeled antibody was used (35) . The expression of VCiR, and production of an AD8-reactive antibody are correlated. In the only exceptional case, 44-10, it is likely that AD8 reactivity has been destroyed by an amino acid substitution(s) resulting from somatic mutation of the VcHRI region. ND, not determined; NA, not applicable. *Unpublished results with L. J. Wysocki. tRS-1 and DN-1 are abbreviations used here for the hybridomas originally named 3D7-10-D2-9 and 332E7-2, respectively. Proc. NatL Acad Sci. USA 81 (1984) resents a good sample population of cells expressing the VH and VL mRNA sequences found in the splenic B cells of that animal. These hybrid cell populations were screened by using the lysate hybridization technique and a VcjR'-specific DNA probe (19) . Fig. 3 shows an autoradiographic exposure of one of the nitrocellulose filters from such a screen after hybridization with this probe. The average number of hybridoma colonies per well in the 96-well dishes used in this screen was 1.5, so -22% of the wells contained no hybridoma cells. In Fig. 3 , several "positive" wells are apparent; however, one is much more intense than all-others. Many hybridomas that gave rise to both weak and strong hybridization signals of this kind were subcloned from positive wells and further studied. A blot hybridization analysis of the RNA synthesized by such cell lines is shown in Fig. 4 , where the hybridization signal intensity on the original screen autoradiogram is indicated above each lane. The relative signals obtained in this analysis were similar to those obtained in the initial screen. The difference in intensities among the hybridizing bands was not due to varying amounts of H chain mRNA per cell in the different cell lines because, when bound probe was removed from this filter and the filter was rehybridized with a C. gene probe (all these hybridomas produce IgMs), the relative intensities of all the bands were similar (see Fig. 4 ). These results demonstrate that the relative intensity of the hybridization signal observed in the lysate hybridization screen autoradiogram is a good indication of the degree of homology between the probe DNA and the antibody mRNAs being detected. The VCH probe used in this screen cross-hybridized to a number of bands when used to probe A/J genomic Southern blots under the same hybridization conditions. Therefore, the observation of variation in hybridization signal intensity in the lysate hybridization screen was not unexpected. Colony size also dictates the amount of mRNA in any lysate, and undoubtedly some "positive" hybridomas gave rise to weak signals because of small colony size and were lost during initial screening. However, we have not observed a hybridoma to give rise repeatedly to a strong hybridization signal during screening procedures and the mRNA it produces to give rise to a weak signal in blot-hybridization analysis.
Strongly Hybridizing Hybridomas Express the VCiRI Gene. In order to unambiguously determine whether the hybridomas we isolated as "strong hybridizers" using the Vc'R probe in fact express the VCRI gene segment, nucleotide sequence analysis of the expressed VH region gene in these cell lines was undertaken. Preliminary data from this analysis and glyoxal and was electrophoresed on a 1.25% agarose gel and then transferred to nitrocellulose as described (29 showed that the sequences of the 3' third of the VH segments expressed in four hybridomas agree entirely with the sequence of the VC4R segment (2) Table 1 is the reactivity of the antibodies produced by these cell lines with AD8, a rat monoclonal antiidiotypic antibody (28) . It can be seen that the expression of the VHR' gene segment is required for the synthesis of an AD8 reactive antibody. This observation suggests that AD8 recognizes a determinant encoded by the VCiRI gene segment. Prior to the sequence determination studies described above, however, we did not know whether AD8 reactivity was dependent on the expression of a particular D region gene segment. The four "strongly hybridizing" hybridomas whose expressed VH regions were examined by nucleotide sequencing all synthesized antibodies that were AD8 reactive. We can conclude, therefore, that the antigenic determi-nant recognized by AD8 is entirely VC ¶R' encoded or dependent. We isolated 14 strongly hybridizing hybridomas and 13 weakly hybridizing hybridomas from several A/J lysate hybridization screens, using the VCHR' gene segment probe. Culture supernatants from all of these cell lines were assayed for the presence of AD8 reactive antibodies. All of the strong hybridizers produced antibodies that were AD8 reactive; the weak hybridizers did not. Several screens of BALB/c hybridoma libraries failed to detect cell lines capable of giving rise to strong hybridization signals and producing antibodies that are AD8 reactive. We have shown previously that the BALB/c genome most probably lacks the VCRI segment (2, 19) . Taken together with the preliminary sequence data described above, these findings strongly indicate that cell lines selected as strong hybridizers in lysate hybridization screens with the VCRI probe actually express the VCRI gene segment.
DISCUSSION
The hybridoma hybridization procedure we have developed should prove useful for a variety of applications directed towards the study of antibody gene expression in lymphoid cells in culture. In many cases (e.g., isotyping) it can provide an alternative to already established serological assays. In addition, the expression of specific V genes and gene segments can be assayed directly rather than through the use of serological reagents that detect the presence of various characteristic determinants on antibody molecules. We have used this technique to successfully isolate cell lines expressing the VCR' gene segment from preimmune A/J "hybridoma libraries." Examination of the VH genes expressed in these hybridomas has revealed that the VCRI gene segment can rearrange productively to at least four D gene segments. Use of the lysate hybridization procedure should allow an accurate measurement of the "combinatorial potential" of particular V gene segments with D and J gene segments as well as the frequency of expression of specific VH-VL pairs (e.g., the CRI VH-VL pair) in preimmune animals. The procedure also should be useful for the study of other abundant or moderately abundant (100-10,000 copies per cell) mRNA species that are expressed differentially in individual cells in a large population. Recently we have become aware that our method is similar to a whole-cell lysate hybridization technique involving the use of the chaotropic salt Nal to dissolve cells and promote binding of mRNA to nitrocellulose (38) . The utility of this procedure for screening large numbers of cell colonies has not been tested, however.
